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Abstract 
Photoactive hybrid films based on n type silicon nanowires [SiNWs] dispersed in poly(3-hexylthiophene) [P3HT], a p 
type conjugated polymer known for its good ordering properties, have a main interest for the production of 
photovoltaic films at a limited cost. Silicon nanowires synthesized at high yield by the oxide assisted growth 
technique have been dispersed in tetrahydrofuran: THF, and mixed with a P3HT solution in THF to form a blend of 
the inorganic-organic components in the appropriate proportions. The blend of SiNWs and P3HT have been 
deposited by spin coating on PEDOT-PSS/ITO substrates leading to the production of 100 nm thick SiNWs/P3HT 
thin layers of controlled compositions. The quenching of the P3HT fluorescence has shown the effective dissociation 
of the photogenerated pairs for an optimum composition of 6 SiNWs vol. % in the blend, which is in accordance with 
the low percolation threshold expected from the high aspect ratio of the nanowires. Current/voltage experiments 
under illumination have however led to collected photocurrents remaining limited to some 10 ∝ A/cm2 whereas an 
interesting open circuit voltage of 0.65 V was obtained.  It has been possible from surface potential decay 
experiments to assign the main limiting process to the low electron transport along nanowires of diameter smaller 
than 10 nm, whereas easy hole transport in the P3HT thickness was obtained. The high densities of silicon surface 
states acting as electron traps can simultaneously account for efficient charge pair dissociation and low photocurrents 
in nanosized structures.  
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1. Introduction 
A tremendous interest for silicon nanostructures has followed the discovery by Leigh Canham [1] in 
the 1990’s of the light emission in the visible spectrum by porous silicon, which was at the origin of 
discussions on the mutual role of surface chemistry and size effect. However the dependence of the PL 
peak energy with the nanostructure size led to the conclusion of a quantum confinement emphasizing the 
original properties of nanostructured silicon [2]. It appeared then possible to tailor the optoelectronic 
properties of silicon nanostructures through the control of their size. The interest of porous silicon for 
light emitting devices has declined due to the poor electroluminescence efficiency but such a 
nanostructured material remains attractive for its large surface to volume ratio providing unique 
properties for charge exchanges in sensing membranes and also for antireflective coatings. In spite of 
academic work trying to produce solar cells from porous silicon substrates, the developments in this field 
have been limited by the difficulty to get a good coating or impregnation of a dense array of vertical 
nanowires or columns by a semiconductor of the complementary type. From the point of view of potential 
applications, the final properties of a device involving the electrochemical etching of a crystalline silicon 
substrate must be greater than those of the starting material. From a fundamental point of view, the 
electrochemical preparation of silicon nanowire arrays is a direct way to investigate the effect of the 
doping on the SiNWs electronic properties since corresponding directly to the substrate one.  
This precursor work is at the basis of the extended studies being presently developed on silicon 
nanowires, which now are synthesized by techniques more adapted to applications in various fields such 
as electronics and memories, actuators and chemical sensors, batteries and memories, and solar cells. 
There has been recently a rapidly increasing interest for SiNWs in solar cells, motivated by the promise of 
a good efficiency at a lower cost and large-scale device production. The last advances in the different 
approaches where SiNWs can efficiently be integrated in photovoltaic solar cells have been reviewed in a 
recent article [3]. References to the main contributions in the field are provided and a roadmap for future 
progresses is proposed. 
The most common route for the fabrication of silicon nanowire arrays is the VLS process, based on 
the growth SiNWS, initiated on droplets of a catalyst uniformly distributed on the substrate surface, from 
a precursor of silicon (generally SiH4 or SiCl4) with the help of a carrier gas or/and a doping gas. Uniform 
arrays of vertically aligned SiNWs with a diameter of the order of some 10 nm are produced by this 
technique but larger or smaller wire diameters may be obtained according to the CVD conditions and the 
used catalyst. Contamination by gold, which is the most frequently used catalyst, can be at the origin of 
deep electronic levels inducing electronic property degradation. Alternative metallic catalysts are 
presently studied.  
 
Nomenclature 
SiNW  silicon nanowire 
P3HT   poly(3-hexylthiophene-2,5-diyl)  
PEDOT-PSS poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 
VLS   vapour-liquid-solid 
OAG  oxide assisted growth 
PL  photoluminescence 
PV          photovoltaic 
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We have investigated a different approach based on the production of hybrid photovoltaic films by the 
dispersion of silicon nanowires in a semiconducting polymer to combine the efficient electronic 
properties of crystalline silicon with the good film forming properties of polymers. Our goal is to develop 
a simple and robust route for a large-scale production of photovoltaic films, which could induce a main 
reduction of the cost of the produced PV energy. Silicon nanowires as nanofillers in such hybrid films 
provide an original route to obtain directly the needed networks to collect the dissociated charges 
produced under sunlight in the polymer. Nanowires have a high surface/volume ratio providing a large 
interface for charge pair dissociation and are natural pathways for electron transport. In spite of the high 
potential of nanowires for hybrid solar cells, emphasized in a recent review by A.I. Hochbaum and P. 
Yang [4], the effect of the electronic confinement at wire diameter of the order of 10 nm on conducting 
properties is not completely clear. The accuracy of ab-initio simulations [5] of the transport properties of 
silicon nanowires depends on the strong localization effects induced by surface states strongly affecting 
electron transport at high surface/bulk ratio. It appears then crucial to evaluate the advantages and 
difficulties arising from the extended bulk heterojunctions at the different stages of the photovoltaic effect 
in such hybrid systems. We will discuss the main steps of the photovoltaic properties of hybrids films 
obtained through the combination of n type silicon nanowires (SiNWs) and poly(3-hexylthiophene) 
(P3HT), a p type semiconducting polymer known for its good hole transporting properties arising from its 
ability to crystalline ordering [6]. Some perspectives of further progress will be given in conclusion. 
2. Materials and hybrid solar cell fabrication 
2.1. Silicon nanowire synthesis 
The silicon nanowires have been produced by the Vapor-Solid technique avoiding the use of any metal 
catalyst.  An oxide assisted growth (OAG) mechanism [7] based on a dismutation reaction of the silicon 
monoxide formed from the mixture of Si and SiO2 at 1200 °C under gas flow leads to a high production 
yield of SiNWs. The nature of the gas carrier has a limited effect on the SiNWs properties but a larger 
influence on their production yield. Nitrogen or argon gave the best results in this study. The nanowires, 
exhibiting a diameter less than 20 nm and some 10 μm length, are deposited as a foam on the (carbon) 
collector of the reactor (Fig.1a). The network formed by the entangled nanowires can be observed by 
transmission electron microscopy (Fig. 1c). SiNWs can be dispersed, after an ultrasonic treatment to 
reduce the nanowire length, in a wide range of organic solvents to produce a silicon ink 
 
 
 
 
 
 
Fig. 1. (a) VS reactor used for  the SiNWs synthesis; (b) second picture 
 
Fig. 1. (a) VS reactor used for the SiNWs synthesis; (b) HRTEM detail of a nanowire; (c) TEM image of the SiNW network 
The high-resolution electron microscopy image (Fig. 1b) shows that the nanowires have a crystalline 
silicon core overcoated by a silicon dioxide sheath. After etching the thin SiO2 layer by a fluorhydric acid 
solution (5 %) in distilled water, the SiNWs diameter is reduced to 10 nm or less (according to the etching 
time). The 1,4 eV photoluminescence emission detected at room temperature (laser excitation at 364 nm) 
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is a clear indication of a confinement effect as expected for the nanoscale of the SiNW cross section. It 
can be concluded from the Fano resonance appearing on the low wavenumber side of the Raman peak at 
500 cm-1 [8] that the doping of the SiNWs is of n-type. 
2.2. Hybrid film and solar cell elaboration 
The intimate mixing of the organic and inorganic components in hybrid films is a challenging problem 
due to the poor chemical compatibility of each phase. Inorganic nanoparticles tend to grow by the 
Ostwald ripening mechanism to reduce their free energy resulting from their high surface tension. The 
formation of aggregates is controlled by the interactions between particles, which depend on their 
chemical nature but also on their aspect ratio. The dispersion of carbon nanotubes in polymers is in 
particular a critical issue and the solvent has a strong influence on the morphology of the produced 
nanocomposites [9]. Before being dispersed in solution, the as–produced SiNWs have first been milled 
and exposed to an ultrasonic treatment at high power for a rough dispersion and to reduce their length to a 
100 nm mean value. A further filtration was performed for the elimination of the longer nanowires to 
prevent short circuits through the hybrid layer. The following step is to select the appropriate solvent to 
disperse the SiNWs and achieve a homogeneous blend with the polymer in solution.  After a rapid 
screening we have checked the two solvents, which appeared the best compromise for the dispersion of 
the two phases. Orthodichlorobenzene (ODCB) is difficult to extract completely due to its high boiling 
temperature but is known to be a good solvent for carbon nanotubes [9] and fullerenes. Tetrahydrofuran 
(THF) is a rapidly evaporating solvent so that the deposited layer could be quenched in the dispersion 
state of the SiNWs in the blend without any further reorganization. The Fig.2 shows that the more 
homogeneous hybrid layers on indium tin oxide (ITO) substrates are obtained by spin coating a blend of n 
type SiNWs and (p type) P3HT dispersed in tetrahydrofuran (THF), which also insures the best long-term 
stability. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Optical microscopy images of hybrid layers deposited by spin coating on ITO substrates from the mixtures of P3HT and 
SiNWs dispersed in different solvents (columns) for increasing SiNW compositions (rows), scale bar: 20 ∝ m. 
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For the fabrication of the devices, a 50 nm thick PEDOT-PSS thin layer has been spin coated on 
cleaned ITO substrates at 4400 rpm for 30 s and annealed at 100 °C for 15'. 100 nm thick P3HT/SiNWs 
layers was then deposited by spin coating the blend solution at 1500 rpm for 30 s followed by a 15' 
thermal annealing at 140 °C for 15' under vacuum. An aluminium top electrode was then evaporated 
through a mask to produce the photovoltaic diode structure. Seven cells were fabricated simultaneously 
on each ITO substrate. 
3. P3HT photoluminescence quenching 
The dissociation of the photogenerated charge pairs in P3HT upon the incorporation of silicon 
nanowires in the blend has been evaluated by the quenching of the P3HT photoluminescence. The UV-
visible spectrum of P3HT/SiNWs blends in THF shows the increase of the silicon optical absorption at 
270 nm and the decrease of the P3HT absorption band at 450 nm (Fig. 3a) with increasing SiNW content 
as expected from the variation of the blend composition. On another side, a faster decay of the intensity of 
the photoluminescence peak of P3HT at 610 nm is observed (Fig. 3b) for an increasing SiNWs 
composition than would result from the decreasing P3HT content alone. In fact the electron-hole pairs 
(photogenerated excitons in the polymer) have an increasing probability to be dissociated by the 
incorporation of silicon nanowires, which act as electron acceptors inhibiting the radiative recombinations 
in P3HT. However the decrease of the PL yield becomes slower when the SiNWs volume fraction in the 
blend becomes larger than 6 vol. %  (15 weight %) and the photoluminescence is not fully quenched even 
at high SiNWs content. Two explanations can account for this partial PL quenching: the formation of 
SiNW aggregates (visible on the lower row of Fig. 2) leads to a reduction of the interfacial surface area 
between donor and acceptor domains or the charge transfer rate at the donor/acceptor interface is limited 
by surface electronic states acting as electron traps. The formation of the a space charge [10] would in 
that case limit the electron transfers to the SiNWs reducing the photogenerated charge pair dissociation 
efficiency. 
  
 
 
 
 
 
 
 
 
 
Fig. 3.(a) optical absorption and PL spectra for increasing SiNWs content; (b) PL decay compared to the P3HT content decrease. 
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4. Current-voltage characteristics under illumination 
The current-voltage characteristics under simulated sunlight have been studied to characterize the effect 
of the SiNW in the P3HT photoactive layer. The intensity-voltage characteristics have been performed 
with samples illuminated at 19 mW/cm2 with a xenon lamp corrected for AM 1.5 solar spectrum (diode 
active area: 0.30 cm2).  The characteristics of two structures ITO/PEDOT-PSS/P3HT:SiNWs/Al and 
ITO/PEDOT-PSS/P3HT/Al used as reference are represented in Fig. 4 (a). The open circuit voltage 
increases from 0.35 to 0.65 V upon the incorporation of 4 vol % SiNWs (10 wght %), but at the same 
time the short circuit current decreases from 9.9 to 8.4 μA/cm2. The MIS junctions due to the thin oxide 
layer between the SiNWs and the polymer can account for the improvement of the open circuit voltage 
[11], but the so formed barrier limits the photocurrents.  
 
 
 
 
 
 
 
 
Fig. 4.(a) I-V- curves under illumination for P3HT alone and P3HT / (10 wt %) SiNWs hybrid layer; (b) I-V curves under 
illumination for increasing silicon nanowire contents (4, 8& 20 vol. %) in P3HT/ SiNWs hybrid layers. 
An anomalous series resistance (of the kΩ order), which is by one order of magnitude higher than the 
parasitic resistance of the diode involving P3HT alone, is shown by the decrease of the slope of the 
characteristics (tangent) at the intersection with the V axis. The removal of the SiO2 layer at the SiNWs 
surface (HF etching) leads to the reduction of the open circuit voltage to 0.37 V without significant short 
circuit current improvement. An increase of the short circuit current is observed with increasing the 
SiNWs content (see Fig. 4(b)), reaching 16 μA/cm2 for a 20 SiNW vol. %, but a degradation of both JSC 
and VOC results from higher SiNWs contents. For all of the investigated hybrid structures, low fill factors 
(~ 20 %) and high series resistance are induced by the incorporation of SiNWs in P3HT. This anomalous 
series resistance could be due to inefficient charge transfers from the polymer to silicium nanowires, 
which appears in contradiction with the effective dissociation of the photogenerated charge pairs 
(whatever incomplete) shown by the quenching of the P3HT photoluminescence. However the trapping of 
charge carriers by surface states of the silicon nanowires could lead to the formation of a space charge 
explaining the two effects simultaneously. 
Surface potential decay experiments have been undertaken to obtain more information on the transport 
efficiency of the dissociated charges by the P3HT matrix and the SiNW network. In this technique the 
dissipation of the electrons and holes created by a flash of light is followed by the decay of the surface 
potential for two polarizations applied successively. 1 μm thick samples have been charged in dark by 
corona discharge and then illuminated at the wavelength corresponding to the maximum of the absorption 
spectrum.  
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Fig. 5. Time dependence of the surface potential for a P3HT/ (4vol. %) SiNW layer for negative or positive applied polarisations: 
electrons: blue curve; holes: red curve.  
A rapid dissipation of the holes created at time t = 0 is shown by Fig. 5 in contrast to the very slowly 
decreasing flow of electrons. This experiment confirms the hypothesis of a low efficiency of the silicon 
nanowires for electron transport, which could be attributed to the repulsive charge of the silicon 
nanowires induced by the electrons trapped by the silicon surface states. The localization of the SiNWs 
carriers in confinement conditions previously shown for porous silicon [12] could contribute 
simultaneously to the low electron transport on the SiNWs network. An increased balance between 
electron and hole currents appears as a key issue for needed efficiency improvements of P3HT/SiNWs 
hybrid cells. 
5. Conclusions and perspectives 
Hybrid films, based on the dispersion of silicon nanowires in P3HT have been produced. The reduction 
of the P3HT photoluminescence upon increasing SiNWs composition in the hybrid material shows that 
the photogenerated charge pairs are effectively dissociated by SiNWs, but the current–voltage 
characteristics have shown low electron transfer rates to the silicon nanowires. The high series resistance 
of the diode structures appears the most critical point limiting the photovoltaic response. The high 
densities of SiNWs surface states acting as traps for the dissociated electrons can account for a space 
charge limited current inhibiting the electron transfers to the nanowires. The functionalization of the 
silicon surface by organic ligands could be a solution to improve the organic-inorganic interfacial 
properties at the condition to avoid the production of a new barrier to electron transfers. At the end silicon 
nanowires of micrometer diameter could enable the reduction of the low transport efficiency resulting 
from the electron confinement. Increasing efforts are presently undertaken to improve the light absorption 
and charge collection in silicon nanowire based solar cells. 
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